Abstract-This paper presents the concept, basic theory, fabrication, and testing results of dual-electrode bimorph piezoelectric micromachined ultrasonic transducers (pMUTs) for both air-and liquid-coupled applications. Both the theoretical analyses and experimental verifications under the proposed differential drive scheme display high drive sensitivity and an electromechanical coupling energy efficiency that is as high as 4× of the state-of-the-art pMUT with a similar geometry and frequency. The prototype transducers are fabricated in a CMOS-compatible process with the radii of 100-230 µm using aluminum nitride as the piezoelectric layers with the thicknesses varying from 715 to 950 nm and molybdenum ( 
for brain stroke treatment [1] [2] [3] [4] [5] [6] [7] [8] . Furthermore, it has been demonstrated that low-intensity pulsed ultrasound (LIPUS) can reduce bone fracture healing time by increasing cell differentiation, upregulation and proliferation [9] [10] [11] [12] . The state-of-the-art ultrasonic devices are mostly formed of either a single element or arrays of piezoelectric elements such as PZT (lead zirconate titanate) operating in thickness mode [13] with drawbacks of low operation frequencies, nonlinear effects, high harmonic excitations, bandwidth narrowing caused by impedance mismatch between the transducer and medium, and high manufacturing cost [14] . Microelectromechanical Systems (MEMS) technology can provide several fundamental benefits to address some of the issues, such as batch fabrication for low manufacturing cost, small size, high resonant frequency, and better impedance matching with medium due to the flexural mode operation. Micromachined Ultrasonic Transducers (MUT) can be classified into two common types: capacitive MUT (cMUT) [15] and piezoelectric MUT (pMUT) [16] . In general, cMUT have high electromechanical coupling factors, but require high DC bias voltages with nonlinear drive effects and limited vertical deformations due to the small gaps [17] . On the other hand, pMUT can achieve high vertical deformation with low driving voltages and have linear drive, but typically have lower electromechanical coupling factors [18] . Several previous works have been reported on enhancement of the electromechanical coupling of pMUT by introducing new design configurations and diaphragm geometries. For instance, Sammoura et al. have reported a two-port pMUT with differential driving method showing that the output acoustic power per unit input voltage can be improved up to 100%, while the second harmonic effects can be suppressed by 485% [19] . They have also analytically shown that multiple-electrode pMUT can be designed to achieve 211% larger electromechanical coupling factor as compared with single-electrode pMUT [20] . Shelton et al. have introduced a resonant matching tube beneath the transducer to enhance the acoustic coupling and increase the pMUT Sound Pressure Level (SPL) by 350% [21] . Curved-shape pMUT have also been shown to have higher electromechanical coupling. For example, Hajati et al. have reported a PZT dome-shaped pMUT with a 45% electromechanical coupling factor [22] . Akhbari et al. have developed a CMOS-compatible curved pMUT made of aluminum nitride (AlN) with one order of magnitude higher low frequency displacement sensitivity as compared to a flat pMUT of similar geometry and frequency [23] , [24] . The closed-form solutions and an analytical equivalent circuit model for curved pMUTs have also proved their performance superiority over flat pMUTs [25] , [26] . An air-coupled dual-electrode bimorph pMUT was first demonstrated by our group with 4X the drive sensitivity (displacement at the center of the diaphragm per input voltage) of a single-electrode pMUT with similar geometry and frequency [27] .
In this work, basic theory, fabrication, and experimental performances of the dual-electrode bimorph (DEB) pMUT for both air-and water-coupled applications are demonstrated to have 4X the drive sensitivity and 4X the electromechanical energy efficiency comparing to the state-of-the-art single-electrode unimorph pMUT. The fabrication process is IC-compatible, and in fact, very similar to the state-of-the-art pMUT process. As such, DEB pMUT architecture is an excellent substitute for the current pMUT design. Finally, we show that fabricated transducers driven with voltages as low as 5 V ac have suitable acoustic output for implementation in handheld therapeutic medical devices. Figure 1 shows the 3D schematic of a DEB pMUT (cross-sectional view). The device consists of two active piezoelectric layers and four electrodes: top, inner circular (middle layer), outer annular (middle layer), and bottom electrodes. Via etches are used to expose the buried middle and bottom electrodes for electrical connections. The backside etch-through hole is formed to release the diaphragm and to define the circular-shaped clamped boundaries. A thin inactive AlN layer, which is nearly impervious to the backside etch chemistry, is used as an etch-stop at the bottom of the diaphragm. The inner and outer electrodes are separated by a small gap and are driven differentially, while the top and bottom electrodes are grounded. The piezoelectric-induced strain gradient in the active layers causes the diaphragm to deform and move in flexural mode, launching acoustic waves into the contact medium.
II. DEVICE CONCEPT
In order to illustrate the operation of a DEB pMUT, we first start with explaining the working principle of a conventional Fig. 2 . The 2D axisymmetric views of (a) the conventional single-electrode unimorph pMUT with one active layer; (b) the dual-electrode unimorph pMUT with one active layer and inner and outer electrodes driven differentially; (c) the DEB pMUT to be driven differentially, which is expected to have 4X the drive sensitivity comparing to (a); (d) the normal radial stress profile of a clamped diaphragm at its first mode of operation.
unimorph pMUT followed by that of a dual-electrode unimorph pMUT. Next, we compare their performances using a simple model, showing that the displacement per input voltage of a DEB pMUT can theoretically be 4X that of a state-ofthe-art unimorph pMUT. Figure 2a shows a 2D axisymmetric view of a conventional unimorph pMUT, which consists of a single active piezoelectric layer, a structural layer, a bottom electrode and a circular top electrode. By applying an electric field between the top and bottom electrodes, an in-plane electromechanical strain is induced in the portion of the piezoelectric film that is covered by the top electrode due to the d 31 effect. The stress gradient along the thickness of the diaphragm in the electrode-covered area generates a bending moment about the neutral axis of the diaphragm, which forces the diaphragm to move out-of-plane in a flexural mode. The moving device is an energy source for the medium in the transmission mode, as it transforms electrical energy to acoustic energy and radiates acoustic waves. The piezoelectrically induced moment resultant, i.e. the induced bending moment per unit transverse length for a single-electrode unimorph is [28] , [29] :
where σ p is the piezoelectrically induced biaxial stress in the piezoelectric layer, h p is the piezoelectric layer thickness, and Z p is the distance from the middle of the piezoelectric layer to the neutral axis of the diaphragm. The strain-stress and the transverse piezoelectric constitutive equations are:
where Y and ν are the Young's modulus and Poisson's ratio of the piezoelectric layer, respectively, Y b is the biaxial Young's modulus (Y b = Y/(1 − ν)) of the piezoelectric layer, ε p is the piezoelectrically induced biaxial strain, and E p is the applied electric field in the piezoelectric layer.
Substituting Eqs. (2) and (3) in Eq. (1):
where V p is the applied voltage between the two electrodes, i.e. V p = E p h p . As expected, the induced forcing function is proportional to the applied voltage and the piezoelectric constant. In addition, the center displacement of the device in its first mode of operation is proportional to the induced moment resultant, M p [30] .
Here we define UM p as the unit of induced bending moment resultant per unit input voltage. For a conventional unimorph pMUT with certain material properties and geometry we assume, for purpose of comparison, that the bending moment resultant has the value of 1UM p . Figure 2d shows a clamped circular diaphragm of radius a operating at its first mode. When the top inner portion (the inflection point is ∼0.7a from the center [20] ) is under tensile stress, the top outer portion is under compressive stress. If the dual-electrode unimorph pMUT (as shown in Fig. 2b ) is driven differentially with the same voltage magnitude but opposite polarity to the inner and outer electrodes, the top inner (outer) portion of the diaphragm will be under expansion, while the outer (inner) portion of the diaphragm will be under contraction. Thus, for a dual-electrode unimorph pMUT with the same geometry and material properties as the conventional unimorph pMUT, the overall generated moment resultant is 2UM p , and therefore, the displacement per input voltage is twice that of a single-electrode unimorph pMUT.
The bimorph pMUT with dual electrodes as shown in Fig. 2c are inspired by the well-known cantilever-type piezoelectric bimorph structures (e.g., [31] ) with two active piezoelectric layers, both of which directly contribute to the transformation of electrical energy into mechanical energy. The device has three layers of electrodes, where the top and bottom electrodes are grounded and the middle electrode is patterned similarly to the top electrode of dual-electrode unimorph pMUT. In order to better understand the operation of a DEB pMUT it must be noted that: a) the two active layers have similar piezoelectric polarity but the induced electric fields have opposite directions due to the electrode configuration, thus, the induced stresses have opposite signs in the piezoelectric layers at every radial position; b) As shown in Fig. 2d , the in-plane stresses on the top and bottom portions at each radial position of a bending diaphragm have opposite polarities. As a result, the top and bottom active layers of a DEB pMUT with the same mechanical properties as the conventional unimorph pMUT each generate bending moment of 2UM p . As a consequence, when the middle electrodes are driven differentially, the generated moments from each portion contribute constructively to the diaphragm deformation and the overall moment resultant will be equivalent to 4UM p . As such, the proposed DEB pMUT offers 4X the drive sensitivity when compared with a unimorph pMUT with similar geometry and material properties.
The energy efficiency of the devices is calculated from the ratio of the output mechanical energy to input electrical energy with the following assumptions: The diaphragm area is A p ; the inner electrode and outer electrode areas are both equal to 0.5 A p (the ring-gap area between the electrodes is negligible); the piezoelectric layer thickness and permittivity are h p and ε p respectively; the effective mechanical stiffness at the center is k mc ; and the center displacement for a single-electrode unimorph pMUT driven by V p is x c . The electrical and mechanical energy equations for the single-electrode unimorph pMUT are:
thus, the electromechanical efficiency is:
For the dual electrode unimorph pMUT:
It must be noted that due to actuation of two electrodes, the input energy is twice as that of a single-electrode unimorph if we use the same input voltage, however, the output mechanical energy is 4X higher, therefore, the electromechanical efficiency is 2X greater. Furthermore, energy equations for the DEB pMUT are:
It is found from Eq. (13) that the energy efficiency of the DEB pMUT is 4X that of a single-electrode unimorph pMUT.
In conclusion, both the drive sensitivity and energy efficiency of the DEB pMUT are 4X those of a single-electrode unimorph pMUT with similar geometry and mechanical properties. Figure 3 shows the CMOS-compatible fabrication process flow for the DEB pMUT. The process starts with sputtering of an AlN/Mo/AlN stack with thicknesses of 210 nm, 130 nm, 715-950 nm (different AlN thickness for liquid-or air-coupled operations), respectively (Fig 3a) . The first AlN layer serves as the backside deep reactive ion etching (DRIE) stop layer, while the Mo layer is the bottom electrode and the second AlN layer is the bottom active layer for the DEB pMUT. Figure 3b shows the PECVD deposition of a thin (60 nm) SiO 2 , followed by sputter deposition of the second Mo layer (130 nm) for the middle electrode (Fig. 3c) . The SiO 2 layer helps increase the breakdown voltage and device stability, and also decrease the power consumption in case of inevitable AlN crystal defects that would otherwise result in current leakage. The SiO 2 barrier layer prevents the diffusion of the middle Mo electrode through the bottom AlN active layer along the crystal grain boundaries during the sputtering of the second AlN active layer, which occurs due to the possible stress mismatch between the first and the second AlN active layers and thermal effects. Such diffusion is more rapid and prominent at higher temperatures due to the following facts: a) the bottom active AlN layer expands, so the molecular voids or the lattice defects along the grain boundaries turn into a more susceptible diffusion path for Mo, b) diffusion pace is naturally faster at higher temperatures. The silicon dioxide layer acts as a uniform barrier that prevents the Mo layer from diffusing through the AlN layer. Diffusion of the Mo layer introduces two detrimental effects for the device: 1) the effective distance between the two electrodes sandwiching the AlN layer at some locations become much smaller than the AlN thickness, thus the induced electric field in the AlN layer becomes much higher than the expected value of V mb / h Al N1 , where V mb is the applied voltage between the middle and bottom electrodes and the h Al N1 is the first AlN active layer thickness. Such phenomenon results in reduction of the breakdown voltage of the device. 2) The AlN resistance reduces which makes it more difficult for the AlN capacitor to charge and perform electromechanical energy transformation. In addition, the device pulls more current from the power source due to finite resistance of AlN, therefore, the power consumption increases. Figure 3d shows pattering of the middle Mo and the silicon dioxide barrier layers using SF 6 and O 2 plasma etching. Figures 3e and 3f depict the sputter deposition of the second 715-950 nm-thick AlN active layer, and the second 60 nm-thick SiO 2 barrier layer, which prevents the diffusion of metal via crystalline defects at the sharp edges of the patterned middle Mo or other inherent crystalline defects in the second AlN active layer and acts as a protective mask for the wet etching of AlN in the following steps.
III. FABRICATION PROCESS AND RESULTS

A. Process Flow
Figures 3g and 3h are the sputter deposition and patterning of the top Mo electrode layer. The dry etching in this step must be time controlled so that the second SiO 2 barrier layer does not get etched in the field area. Afterwards, via etching to the bottom and middle Mo electrodes is conducted in a two-step process. First, via etching to the bottom electrode is performed halfway using SF 6 -O 2 plasma etching for SiO 2 and chlorine-based reactive ion etching (RIE) for AlN (Fig. 3i) . The targeted etch depth is equal to the first AlN active layer thickness and is time controlled so that the remaining AlN height in the bottom and middle via become almost equal. Second, via etching to the bottom and middle electrodes are conducted simultaneously by the same chlorine-based reactive ion etching (RIE) as in the previous step (Fig 3j) . The via etching ends with a final wet etching of AlN using MF-319 developer at 40°C. The Mo is highly impervious to developer etching, so there is no risk of damaging the electrodes in case of over etching. The final step is the release of the diaphragm using a through-wafer backside DRIE process (Fig 3k) . AlN is an excellent stop layer for the chemistry of SF 6 in the DRIE process since it is highly resistant to Fluorinebased plasma etching. Diffusion of the bottom Mo through the thin AlN stop layer could occur in the previous steps which makes the AlN stop layer moderately conductive. This slightly conductive etching stop layer reduces the accumulated electric charges on the bottom diaphragm surface that would repel the incoming ions during the DRIE process, thereby reducing the undercutting phenomenon around the edges of the diaphragm.
B. Fabrication Results
Prototype DEB pMUTs have been fabricated with radii of 100-230 μm in the form of single transducers and rectilinear arrays in form of single-, five-, and ten-element (channel) 1 devices, for both liquid-coupled and air-coupled applications. Figure 4a shows a diced, 10-element, 1D array of DEB pMUTs attached and wire bonded to a customized PCB. Every element is formed of an array of 6×60 DEB pMUTs and the pMUTs have radii of 115 μm. to the bond-pads and connection areas. The top electrode and the vias to the middle and the bottom electrodes can be directly seen from Fig 4b. In addition, the patterned middle electrodes are visible because their edge pattern is transferred to the top layers. Figure 5a is a cross-sectional SEM micrograph of an array of cleaved DEB pMUTs showing the suspended diaphragms as well as the backside etch-through holes made by DRIE. Figure 5b is a close-up view of a cleaved DEB diaphragm near the separation between the inner and outer middle electrodes showing the AlN and Mo layers. Apparent in this figure is the vertical orientation of the AlN crystal grains, which is critical to the success of the device because good crystallinity is required for good piezoelectricity in AlN. Figure 5c is a suspended diaphragm near its clamped edge, showing the residual silicon (dark region) on the diaphragm backside close to the sidewall due to under-etching of silicon in the DRIE process. Figure 5d is a close-up SEM micrograph of a bottom-electrode via structure before the AlN wet etching has been completed, as evidenced by the residual AlN grains on top of the bottom electrode.
In order to investigate the crystalline quality of the deposited AlN layers, X-ray diffractometer (XRD) measurements have been conducted as shown in Figure 6 . The first AlN layer can be directly measured after its sputtering. However, after the deposition of the second AlN layer, the XRD data only exhibits combined information regarding the overall quality of the first and the second AlN layers and do not reveal explicit data about the second layer. By comparing the data after different steps and from different locations, corresponding to three different film stacks of (a) AlN/Mo/AlN, (b) AlN/Mo/AlN/ Mo/AlN/Mo, and (c) AlN/Mo/AlN/AlN/Mo, it is found that stack (b) in the (002) crystalline direction has higher amplitude and slightly narrower FWHM as compared to those of stack (a), indicating good quality of both the first and the second AlN layers. The FWHM has the measured value about 1.7°-1.8°from the Rocking Curve as another indication of good quality of AlN layers. The difference between the angle values at the intensity peaks among the stacks is due to the stage calibration error.
IV. DISPLACEMENT MEASUREMENTS RESULTS
A. Drive Sensitivity of a Single DEB PMUT
In order to evaluate the operation of DEB pMUT under different driving configurations, low frequency drive sensitivity of an air-coupled pMUT has been measured using a Laser Doppler Vibrometer (LDV). Low frequency displacement is equal to the product of fractional bandwidth and the resonant displacement, both of which need to be as high as possible for the best performance of the pMUT. Figure 7a shows the low frequency center displacement per input voltage of a prototype DEB pMUT with radius of 230 μm, total stack thickness of 2.4 μm, and the inner circular electrode radius of 70% of the diaphragm radius. When the inner electrode is driven while the outer electrode is grounded, the low frequency displacement is theoretically predicted as 7.50 nm/V, simulated by finite element analysis as 8.91 nm/V, and experimentally measured as 7.26 nm/V. When the outer electrode is driven with grounded inner electrode, the low frequency displacement is theoretically predicted as 7.27 nm/V, simulated as 6.65 nm/V, and experimentally measured as 5.75 nm/V. If the areas of the inner and outer electrode are equal, the theoretical actuation displacement by the individual inner and outer electrode should be equal. The discrepancy in the calculated and measured values comes mostly from the backside etching defects especially on the edges of the diaphragm, such as: over/under etching, residual silicon grass on the backside, and other fabrication uncertainties which change the effective shape, size, and mass distribution of the transducers. Under the differential drive, the measured low frequency displacement is 13.01 nm/V, only about 11.9% and 16% lower than the theoretical and simulated values of 14.76 nm/V and 15.54 nm/V, respectively. The differential drive mode produced 1.96× drive sensitivity, which is very close to the 2× improvement predicted by the analysis in Section II. On the other hand, the in-phase actuation resulted in negligible low frequency displacements as shown.
The center displacement frequency responses of two prototype-DEB pMUTs with radii of 230 and 170 μm have been characterized using LDV as shown in Figs. 7b and 7c , respectively. The frequency response matches well with the simulated data for both cases. The slight reductions in the displacement per input voltage values in experiments comparing to the simulation results are likely due to the residual stress in the structural layers (especially in the metal layers) and possible defects in the AlN crystalline structures with reduced piezoelectricity. Nevertheless, the value of 452 nm/V at the center resonant frequency of 345 kHz is 4.3X and 2.4X higher than those from the single-electrode (at 104 nm/V) and dual-electrode (at 188 nm/V) unimorph pMUT at a resonant frequency of 291 kHz [15] . As a result, the DEB pMUT can generate higher acoustic pressure (which is proportional to volumetric displacement-frequency product, i.e. volumetric velocity [5] ). Another cause of bimorph pMUT exhibiting improved performance that also agrees more accurately with simulation results compared to reported unimorph pMUTs is that the sputtering of the films are done separately, thus, there is more margin for stress tuning at each step to achieve low stress in each layer in addition to tuning the average stress in the whole stack.
B. Drive Sensitivity of a Single-Element DEB PMUT Array
The drive sensitivity measurements have also been conducted for individual transducers in an array structure. (Fig. 8a) . As discussed previously, the magnitude responses under the actuation of inner and outer electrode should be similar if the electrode areas are equal to half of the whole diaphragm area, but the difference here is likely due to the difference between the effective electrode areas as a result of Fig. 8 . measured center displacement magnitude (a) and phase (b) versus frequency of DEB pMUT (5, 1) of a single-element array of 27×6 pMUTs, measured using LDV under inner electrode (i), outer electrode (o) and differential drive (d) actuation schemes. As expected, the displacement responses under the inner and outer electrode actuation schemes have nearly the same magnitude with opposite polarities; (c) displacement magnitude frequency responses of various points located along the radius of pMUT (1, 1) of the array described in (a), where p 1 is at the center and p 9 is at the clamped edge of the diaphragm and the rest of the points lay in between sequentially; (d) low frequency displacement of points p 1 to p 9 described in (c) demonstrating the first mode shape of pMUT (1, 1) .
various fabrication uncertainties, such as the outer electrode area change from the designed dimensions due to under/over backside etching and the non-symmetric shape of the annular electrode due to the inner electrode connection path passage gap. The center displacement magnitude under differential drive was measured to be 1.92X and 1.66X the center displacement magnitude under inner and outer electrode drive respectively. The deviation from the ideal case (expected 100% higher displacement in differential drive mode as opposed to 92% and 66%), can be due to the inequality of the electrode sizes after fabrication and the parasitic input electrical impedances of the inner and outer electrodes, which can cause the induced displacements from either port not to be completely in phase with the other. On the other hand, as shown in Fig 8b, the measured displacement phases from inner and outer electrode actuation have almost opposite polarities (177°phase offset on average) because inner-and outer-electrode drive induces motion in opposite directions. In other words, if the input harmonic voltage V on the inner electrode bends the diaphragm downward at time τ after the initial excitation, the same voltage on the outer electrode will bend the diaphragm upward (the opposite direction of motion) at time τ after the initial excitation, with the same displacement magnitude. Hence, if both of the inner and outer electrodes are driven with the same voltages simultaneously in phase, the diaphragm will have nearly zero flexural motion, while the differential drive mechanism gives twice higher amplitude as compared with results from the single-electrode drive. The reason why the phase offset is not exactly 180°can be attributed to the parasitic impedances of the inner and the outer channels. Figure 8c and 8d show the radial LDV scan results of pMUT (1, 1) of the prototype single-element DEB pMUT array with 27×6 pMUTs where the outer electrode is driven by an AC voltage. Figure 8c shows the frequency response of various points along the radius of DEB pMUT (1, 1) where p1 is the center point, p 9 is a point on the rim anchor of the pMUT, and the rest of the points are placed between these two points. As the points are further away from the center location, the displacement amplitude becomes smaller until reaching zero at the clamped edge as predicted from the first mode of oscillation. Figure 8d shows the measured low frequency displacement per input voltage for points p 1 to p 9 , demonstrating that the mode shape of the device follows the equation w w max
2 ) 2 with 0.99 R-Square value, where w is the normal displacement, r is the radial distance from the center, and a is the radius of the diaphragm. The fitted equation matches well to the equation
which is typically used to approximate the first mode shape of a clamped circular diaphragm [33] . The coefficient 1.25 in the fitted curve can be attributed to geometric imperfection due to backside under-etching creating an effective radius of (4/5)a during the backside DRIE process. Experiments have also been conducted to record the drive sensitivity versus frequency for various DEB pMUT in the single-element array (same as those in Fig. 8a ) driven simultaneously via the inner electrodes and grounded outer electrodes. Figure 9a shows results of ten transducers with an average center frequency of 974.85 kHz and a standard deviation of 2.46 kHz. The average resonant displacement is 59.8 nm/V with a standard deviation of 4.5 nm/V, while the average Fig. 9 . Center displacement magnitude (a) and phase (b) with respecto to frequency of various DEB pMUT of a single-channel array from the prototype 27×6 DEB pMUT structure, measured using LDV under the inner electrode actuation scheme. The frquency resposne between the pMUTs from different locations of the array show very good consistency in terms of the resonanat frequency, displacemenet magnitude, and phase angle. low frequency displacement is 2.7 nm/V with a standard deviation of 0.7 nm/V. These results show very good consistency between the frequency responses of different transducers with only very small variations across the array. Figure 9b shows that the phase angle responses of the same transducers in Fig. 9a are very close to each other and have similar phase shift frequencies. It can be noticed that as pMUTs are located further away from the bond pad with longer metal connecting path in between, their phase angles become smaller, i.e. shift toward negative. This is due to the larger stray capacitance caused by longer metal connector lengths from the bond pads to the pMUTs. To avoid this, connector areas can be designed to be equal by varying the connector width to compensate for the conductor length variations.
V. ACOUSTIC RESPONSE
A. Low-Voltage Measurements in Air and Water
The acoustic response of a single-channel 27×6 DEB pMUT array has been measured using a piezoelectric transducer (UZ250, Noliac) both in air and water. Figure 10a shows the axial pressure generated by the aforementioned array driven by 0.5 V pp at 250 kHz in DI water as a function of the vertical distance under the inner-electrode driving scheme. The measured data is in good consistency with the theoretical model developed by our group for pMUT arrays [28] . Data points measured at further distance are in better agreement with the theoretical model since the correct alignment between the pMUT array and the piezoelectric transducer becomes difficult as the pMUT array and piezoelectric transducer get closer to one another. Furthermore, approximations have been used in the theoretical model for the near-field region, which introduce additional estimation errors. Figure 10b shows the received voltage amplitude by the piezoelectric transducer (V out ) as a function of the array driving voltage amplitude (V in ) at 250 kHz frequency in air. The distance between the array and the piezoelectric transducer is set to be 27 mm and the input voltage range is from 1.3 V pp to 3.5 V pp , which is suitable for battery powered handheld devices. The DEB pMUT array shows good linearity in the input voltage range of interest for such devices. Figures 10c and 10d show the measurement setups in water and air, respectively.
B. Intensity Assessment for Therapeutic Ultrasound
Medical studies have shown that low-intensity pulsed ultrasound (LIPUS), with low acoustic intensities of less than 0.1 W/cm 2 (typically 30 mW/cm 2 ) can significantly increase cell differentiation and accelerate fracture healing [9] [10] [11] [12] . For the purpose of implementation of the transducers in battery-powered handheld devices for therapeutic medical applications, the device must be capable of generating high enough acoustic intensity in the region of interest at low voltages. Here we have fabricated a single-channel 12×12 array of DEB pMUT with a total area of 7 mm×7 mm. Acoustic testing has been conducted in mineral oil with density of 0.8493 g/cm 3 and sound speed of 1440 m/s. The array has been driven differentially with +/− 2.5 V ac on the inner and outer electrodes respectively. Figure 11a shows similar trends and reasonable agreement between the simulated and the measured axial pressure using a needle hydrophone (Y-120, Sonic Concepts, Inc.), and Fig. 11b is the simulated intensity field of the array under the same driving scheme. The discrepancy between simulation and experimental results is due to the negligence of the mutual coupling effects of the pMUTs in the simulation as well as fabrication uncertainties [25] which are not incorporated in the model. The axial intensity of the array when driven differentially with +/− 5 V ac is shown in Figure 11c , demonstrating that the array is capable of generating high enough acoustic intensity in the range of 30-70 mW/cm 2 up to 2.5 mm deep using voltages that are sufficiently low to be realizable in batterypowered handheld devices for therapeutic applications. The fabricated array has been measured to have the highest normalized acoustic intensity of 27 μW/(μm 4 ) (at 1.5 mm away), as defined as I n = I /(V Nd 31 ) 2 , among all the reported pMUT arrays [33] [34] [35] [36] [37] . Here I is the acoustic intensity, V is the input voltage amplitude, N is the total number of pMUTs, and d 31 is the piezoelectric charge constant. Since intensity is proportional to pressure squared, pressure is proportional to the effective volumetric velocity, and the effective volumetric velocity is proportional to VNd 31 , such definition of normalized intensity is introduced so that pMUT arrays of different piezoelectric properties, driving voltages, and number of transducers can be compared only based on the individual pMUT design. Figure 11d is the measured pressure frequency response of a 6×60 DEB pMUT array in water showing extremely large bandwidth of the array. Large bandwidth is very important and is of high interest for medical applications that require various transmission operation frequencies or when the transmission and receiving frequencies of interest are far apart, such as harmonic imaging. The achieved large bandwidth here is due to the large size of the array formed of multiple pMUTs all driven simultaneously and can generate multiple resonant frequencies close to one another.
VI. CONCLUSION We have successfully fabricated single-transducers as well as various arrays of DEB pMUT for both air-and liquidcoupled applications. Both analytical simulations and experimental measurements have shown that the energy efficiency and drive sensitivity of the DEB transducer can be 4X those of the state-of-the-art single-electrode unimorph pMUT. New fabrication techniques have been utilized for the development of the prototype devices with excellent crystal quality of AlN layers and good manufacturing yield. Experimental results match well with analytical and simulation results. Furthermore, a liquid-coupled array have shown the highest normalized acoustic intensity, I n = I /(V Nd 31 ) 2 , and the measurement results show that the devices can be potentially used in low-voltage handheld medical ultrasonic devices.
